Monocytes are short-lived myeloid cells that perform functions essential for tissue homeostasis and disease resolution. However, the cellular mechanisms controlling the maintenance and turnover of monocyte populations are largely undefined. Proline-rich tyrosine kinase 2 (Pyk2) is a nonreceptor tyrosine kinase that regulates numerous immune cell functions, but its role in monocytes is currently unknown. In this study, we sought to characterize the expression and function of Pyk2 in lineage-committed monocyte populations. Here, we report that Pyk2 protein expression is increased in the Ly6C 2 monocyte population. Using a Pyk2 knockout mouse model (Pyk2 2/2 ), we show that Pyk2 regulates the relative proportion of monocyte subsets normally represented in the bone marrow (BM) at steady state. In support of this conclusion, a similar phenotype was observed in the peripheral blood and spleen. Data from reciprocal BM chimera experiments indicate that the alterations in monocyte populations exhibited by Pyk2 2/2 mice are due to factors intrinsic to the monocytes. Lineage-tracing of monocyte populations suggests that Pyk2 promotes apoptosis in BM monocytes, thereby acting as an important homeostatic regulator of turnover in these short-lived, innate immune cells.
Introduction
Monocytes comprise a heterogeneous population of short-lived, mononuclear phagocytes that contribute to tissue homeostasis and protective immunity [1] . cMoPs continually replenish cells of this lineage through the tightly regulated process of BM monopoiesis [2] [3] [4] . Subsequent egress of BM monocytes to the vasculature results in 2 main subpopulations of PB monocytes that have been classified based on distinct phenotypic markers [5] [6] [7] [8] . In mice, Ly6C
+ "classical" monocytes circulate throughout the PB and are poised to extravasate into peripheral sites in response to inflammatory cues. Subsequent terminal differentiation of these cells into monocyte-derived Mfs and dendritic cells is integral for the proper resolution of tissue damage and infection [9] [10] [11] [12] [13] . In the absence of inflammatory signals, the Ly6C + monocytes are short-lived, precursor cells that can terminally differentiate into the second major population of blood monocytes, Ly6C 2 "nonclassical" monocytes [14, 15] . At steady state, it is believed that these cells function to maintain vascular integrity by "crawling" along the luminal surface of capillaries in a patrolling and scavenging capacity [16, 17] . Ly6C 2 monocytes also constitute a relatively small percentage of BM monocytes, although their function and cellular origin in this tissue are currently under debate [4, 14, 18] . Both subsets of monocytes also accumulate in the spleen, constituting a reservoir that can be mobilized in response to inflammatory cues [19] . Although our understanding of monocyte differentiation and function has advanced considerably, the molecular mechanisms responsible for homeostatic maintenance of these subpopulations are still unclear. Ly6C + and Ly6C 2 monocytes exhibit a relatively short t 1/2 of ;18 h and 2.3 d, respectively [14] . The continuous production and rapid turnover of these cells suggest a carefully balanced orchestration of prosurvival and prodeath signaling to maintain proper subset representation. To date, multiple factors that support prolonged survival of Ly6C + and/ or Ly6C 2 monocytes have been identified, including M-CSF, CX 3 CL1, and the transcription factor NR4A1 [18, [20] [21] [22] [23] . In the absence of these stimuli, peripheral monocytes have been shown to spontaneously undergo cell death [24] [25] [26] . Thus, it has been theorized that prosurvival signals may act to impede a continually active apoptotic program existing in monocytes at steady state. However, the specific molecular signaling pathways that drive constitutive monocyte turnover are relatively unexplored.
Pyk2 is a nonreceptor tyrosine kinase that is predominantly expressed in hematopoietic and neuronal cells [27] . Pyk2 can be activated by a variety of stimuli, including integrin engagement, growth factor signaling, intracellular calcium influx, and Ag-receptor engagement on lymphocytes [27] [28] [29] . Functionally, Pyk2 has been shown to regulate numerous cellular processes, including adhesion signaling, directional motility, immune cell activation, and proliferation (reviewed in [27, 28] ). Several studies have also revealed a role for Pyk2 in controlling cell death [30] [31] [32] [33] [34] , whereas others have linked Pyk2 up-regulation to prolonged survival of transformed cells [35] [36] [37] . Given these discrepancies, it appears that the role of Pyk2 in regulating cell survival is likely to be context specific. Notably, several of these overexpression studies were performed in vitro using immortalized cell lines or cell types that normally express low levels of endogenous Pyk2. Further clarification is, therefore, necessary to determine the role of Pyk2 in regulating the survival of cells under conditions in which it is normally expressed.
Previous studies have reported that Pyk2 is expressed at variable levels in cells of the mononuclear phagocyte system [38] [39] [40] [41] . However, a close examination of the expression and function of this molecule across the continuum of monocyte development has not been performed. In this study, we investigated the expression of Pyk2 in monocyte lineage subsets from the BM, PB, and splenic reservoirs. We also explored the role of Pyk2 in the differentiation and accumulation of monocyte subpopulations in these tissues at steady state. We show that Pyk2 expression is elevated in the Ly6C 2 fraction of monocytes and that mice deficient for Pyk2 exhibit a greater representation of Ly6C 2 monocytes in the BM and periphery. Studies using chimeric mice indicate that this phenotype is cell autonomous. Additional evidence suggests that Ly6C 2 monocytes exhibit a survival benefit in the absence of Pyk2. Given those results, we propose that Pyk2 has a role during homeostasis in maintaining appropriate Ly6C 2 monocyte levels by promoting the turnover of these characteristically short-lived cells.
MATERIALS AND METHODS

Mice
WT C57BL/6 mice were bred and housed on site. The Pyk2 2/2 mouse model has been previously described [38, 42] . C57BL/6-Ly5.1 (CD45.1 + ) mice were purchased from Charles River Laboratories (Wilmington, MA, USA). Male and female mice (8-14 wk old) were age-and sex-matched for experiments. All studies were performed in accordance with University of Virginia Animal Care and Use Committee guidelines.
Harvest and preparation of cell suspensions from mouse tissues Mice were euthanized, and tissues were harvested in the following order. Blood (300-700 ml/mouse) was drawn through cardiac puncture and placed in 1 ml of 5 mM EDTA/HBSS (Mg 2 , Ca 2 ). Spleens were excised, pushed through a 70-mm filter, and washed in MACS buffer (0.5% BSA, 250 mM EDTA in PBS). BM was flushed from both femora and tibiae with MACS buffer, washed in MACS buffer, and filtered through a 30-mm filter. For ex vivo detection of active caspase, the Vybrant FAM Poly Caspases Assay Kit (Thermo Fisher Scientific) was used according to the manufacturer's instructions. Briefly, cell suspensions derived from BM were first stained for surface Ags to identify monocyte subpopulations. The suspensions were then incubated with FLICA reagent (1:30 from working solution) in MACS buffer for 60 min at 37°C, followed by multiple washes in wash buffer. Immediately before analysis by flow cytometry, cells were resuspended in wash buffer/DAPI (0.1 mg/ml). Dead cells were excluded based on DAPI incorporation, and the percentage of monocyte subsets expressing active caspases was assessed by FLICA staining.
Immunomagnetic column separation of cell populations
CD115
+ monocytes were isolated using the mouse MACS CD115 Microbead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), according to the manufacturer's protocol. Briefly, single-cell suspensions were first prepared as described above. FcRs were blocked with anti-CD16/32 (eBioscience) for 10 min on ice, and the cells were subsequently incubated with anti-CD115-biotin. The CD115 + population was isolated by magnetic column after incubation with anti-biotin magnetic beads. Purity of the isolated population was assessed by flow cytometry.
FACS of monocyte subsets
Single-cell preparations of tissues were prepared and enriched for CD115 + monocytes by immunomagnetic column separation, and cells were then stained for cell surface markers, as described above. Immediately before FACS sorting, cells were resuspended in MACS buffer/DAPI (0.1 mg/ml; Thermo Fisher Scientific). FACS sorting of monocyte subpopulations was performed on the Influx Cell Sorter (Becton Dickinson).
In vitro generation of BMDMs
Whole BM was collected as described above, enumerated by hemacytometer, and added to medium preparations at 4-6 3 10 6 cells per 10-cm plate. Base medium (aMEM with 10% FBS and penicillin/streptomycin) was supplemented with 10% CMG14-12 conditioned medium (source of M-CSF). After 7 d in culture, the adherent cells were washed 3 times with PBS, incubated with trypsin/EDTA for 15 min, quenched with complete medium, washed with MACS buffer, and resuspended in MACS buffer.
Immunoblotting
Cell suspensions were washed in PBS, pelleted, and incubated in radioimmunoprecipitation assay lysis buffer, as described previously [39] . Immunoblotting was performed as described previously [39] . In vitro culture of BM for monocyte viability assays
Whole BM was collected as described above, enumerated by hemocytometer, and added to serum-free RPMI 1640 or RPMI 1640 supplemented with 10% FBS and penicillin/streptomycin at 5 3 10 6 cells per 60-mm plate. After 4 h at 37°C, nonadherent cells were collected and placed on ice. Adherent cells were washed with PBS, incubated with trypsin/EDTA for 15 min, quenched with complete medium, and collected. Nonadherent and adherent cells were combined, washed with MACS buffer and prepared for flow cytometry, as described above. Cell death was determined by DAPI incorporation.
Statistical analysis
Comparisons among groups were made using an unpaired 2-tailed Student's t test or 1-way ANOVA. *P # 0.05; **P # 0.01; and ***P # 0.001 were considered statistically significant.
RESULTS
Pyk2 protein expression is elevated in Ly6C 2 monocytes
To assess protein expression of Pyk2 in monocytes during steadystate conditions, CD115 + (also known as the M-CSF receptor) cells isolated from the BM, PB, and spleen of WT mice were enriched via magnetic bead selection (Fig. 1A) . Lysates were prepared, and Western blotting for Pyk2 was performed on the extracts. Pyk2 expression was markedly greater in monocytes isolated from the PB and spleen compared with BM monocytes (Fig. 1A , compare lanes 2 and 3 to lane 1). Of note, the PB and spleen have been found to contain a higher proportion of Ly6C 2 monocytes than the BM [7, 19] .
Given those results, we hypothesized that Pyk2 expression may be developmentally regulated during monocyte differentiation. To address that question, we refined our analysis by isolating monocyte subpopulations from BM, PB, and spleen by FACS. CD115 + monocytes were magnetically enriched and FACS-sorted into cMoP, Ly6C + , and Ly6C 2 subsets based on established lineage markers [4, 7, 18, 19] (Fig. 1B and Supplemental Fig. 1 ). Back-gating analyses of these monocyte subpopulations using additional cell-surface markers (F4/80, CD11a, CD11c, and CCR2; negative for the lineage markers CD135, Ly6G, CD49b, CD3e, and CD19) confirmed expression profiles characteristically associated with the respective subsets (Supplemental Fig. 1 ; data not shown) [4, 18, 19] . Lysates from the sorted subsets were then immunoblotted for Pyk2. Pyk2 expression was significantly elevated in Ly6C 2 monocytes from the BM compared with the cMoP and Ly6C + subsets (compare lane 3 with lanes 1 and 2 in Pyk2 expression has previously been characterized in mouse Mfs but not in monocyte subsets [38] . 
Pyk2 controls the relative proportion of monocyte subpopulations
Given the data above showing that Pyk2 expression is elevated in Ly6C 2 monocyte populations, we hypothesized that Pyk2 may be important for regulating the differentiation and/or maintenance of monocyte subpopulations. Although previous reports have described the overall immune cell populations in lymphoid tissues of Pyk2 2/2 mice as similar to those of WT mice [38] , the distribution of monocyte subsets in BM and peripheral organs of these mice has not been previously determined. Pyk2 2/2 mice have been described by our group and others as being mildly osteopetrotic because of a defect in osteoclast resorption of bone and/or increased bone formation by osteoblasts [43] [44] [45] . Thus, it was not surprising that the Pyk2
mice exhibited significantly reduced total BM cellularity ( Fig.  2A) , particularly because other mouse models of osteopetrosis exhibit a similar, albeit more drastic, reduction in BM cellularity that has been attributed to a smaller BM cavity [21, 22] . However, to our knowledge, this is the first time this phenotype had been reported in Pyk2 2/2 mice.
The decrease in total BM cellularity was accompanied by a corresponding reduction in the absolute number of monocytelineage cells (as defined by CD115 expression) in the BM of Pyk2 2/2 mice (Fig. 2B) . However, despite that reduction in total monocyte numbers, Pyk2-deficient monocytes made up a similar proportion of the total BM present in these animals (Fig. 2B) . As expected given the decreased number of CD115 + monocytelineage cells present in Pyk2 2/2 BM, the absolute numbers of cMoP and Ly6C + monocyte subsets in the BM of Pyk2 2/2 mice were significantly reduced compared with WT controls (Fig. 2C) . Surprisingly, however, the total number of Ly6C 2 monocytes was similar between WT and Pyk2 2/2 mice (Fig. 2C ), leading to a disproportionate enrichment of those cells within the monocyte compartment of the BM in Pyk2 2/2 mice (Fig. 2D) .
Unlike the BM, no reductions in total cellularity were observed in the PB and spleen of Pyk2 2/2 mice (data not shown). Nevertheless, Ly6C 2 monocytes were also proportionally overrepresented in the monocyte compartments of both the spleen and PB (Fig.  2E ). This was driven by a significant increase in Ly6C 2 monocytes in the spleen, with no appreciable changes to Ly6C + monocyte numbers (Fig. 2F) . A similar increase in Pyk2-deficient Ly6C 2 monocyte numbers was not seen in the PB (Fig. 2F) , possibly because of the inherent variability in absolute monocyte counts in this organ. Taken together, these data suggest that Pyk2 has a role in maintaining the proper balance of monocyte populations under homeostatic conditions. Pyk2 regulates the accumulation of Ly6C 2 monocytes via a cell-autonomous mechanism
The altered representation of monocyte subsets in Pyk2 2/2 mice could be the result of a loss of Pyk2-dependent activities in the monocytes (cell-intrinsic) or in the stromal microenvironment that supports the development and/or survival of these cells (monocyte extrinsic). To discriminate between these possibilities, reciprocal transfers of WT or Pyk2 2/2 BM were performed into lethally irradiated WT hosts (Fig. 3A) . Efficient reconstitution of CD45.2 + donor BM was observed 8 wk after the transfer, concomitant with complete ablation of native CD45.1 + BM in the lethally irradiated recipient mice (Fig. 3B) .
Within the confines of a WT host harboring a normal skeletal structure, Pyk2-deficient BM was able to reconstitute to the same level as WT BM (Fig. 3C) . Thus, the deficiency in BM hematopoiesis observed in Pyk2 2/2 mice ( Fig. 2A) likely results from the smaller BM cavity associated with osteopetrosis. In line with that possibility, the total number and percentage of monocyte lineage cells in the BM of chimeric mice was unaltered by loss of Pyk2 (Fig. 3D ) and the pools of cMoP and Ly6C + monocytes were unchanged (Fig. 3E ). This indicates that the development of cMoP and Ly6C + monocytes in the BM is not dependent on Pyk2 activity in those cells. However, a modest, but statistically significant, increase in Ly6C 2 monocytes was observed in the mice receiving Pyk2 2/2 BM (Fig. 3E) , and that was accompanied by a greater representation of Ly6C 2 monocytes in the BM and spleen of those mice (Fig. 3F) . These results, which recapitulate the disproportionate representation of Ly6C 2 monocytes observed in the BM and spleen of Pyk2 2/2 mice ( Fig.   2D and E), establish that environmental (monocyte cellextrinsic) factors are not solely responsible for those changes in monocyte subset distribution. Rather, these data indicate that loss of Pyk2 activity in Ly6C 2 monocytes leads to the increased accumulation of this subpopulation. In contrast to the BM and spleen, the Ly6C 2 population in the PB of chimeric mice receiving Pyk2-deficient BM was identical to those receiving WT BM (Fig. 3F ). This suggests that loss of Pyk2 in nonmonocytic cells may contribute to the relative representation of PB monocyte subsets observed in Pyk2 2/2 mice (Fig.   2E ). Unfortunately, it was not possible to generate the reciprocal chimeras in Pyk2 2/2 hosts because of the radiosensitivity of these mice (data not shown), thus precluding our ability to directly test for environmental (nonautonomous) effects on monocyte subset accrual. Nonetheless, the data presented above indicate that the accumulation of Ly6C 2 monocytes in the BM and spleen is controlled, at least in part, by cell-intrinsic activities of Pyk2 in these populations. Given that Pyk2 is most highly expressed in these cells (Fig. 1C) , we suggest that it functions to maintain a proper balance of Ly6C 2 monocytes at steady state. BrdU during this 2-h pulse ( Fig. 4A and B) . The fraction of Pyk2-deficient cMoP and Ly6C + monocytes incorporating BrdU was also not elevated compared with WT controls; in fact, the opposite was the case (Fig. 4B) . Similar analyses performed in chimeric mice indicate that this is a monocyte-intrinsic effect (Fig. 4C ). Based on these data, the greater accumulation of Ly6C 2 monocytes observed in Pyk2 2/2 mice cannot be due to increased proliferation of one or more monocyte populations. We next examined the t 1/2 of Ly6C 2 monocytes. Because these cells are nonproliferating and do not incorporate BrdU, their accumulation over time can be followed by tracing precursors (cMoP and Ly6C + monocytes) that receive a single pulse of BrdU [14] . Coincident with the reduced numbers of cMoP and Ly6C + monocytes present in the BM of Pyk2-deficient mice (Fig. 2C) , the absolute number of BrdU-labeled cells was reduced in the Pyk2 2/2 BM on d 0 (Fig. 4D) . The fraction of the initial pool of labeled precursors that differentiated into BrdU-labeled Ly6C 2 monocytes in the BM was then determined at 2, 4, 6, and 8 d (Fig.  4E) . After 2 d, ;15% of the BrdU-labeled monocytes were Ly6C 2 in both Pyk2 2/2 and WT BM, indicating that the precursor cells differentiated into Ly6C 2 monocytes at similar rates. In →WT n = 14). Data shown were acquired from 2 independent experiments. *P , 0.05; **P , 0.01, unpaired Student's t test.
Pyk2 promotes apoptosis of BM monocytes
accordance with the 2-3 d t 1/2 reported for these cells [14] (Fig. 4F) . Alternatively, Ly6C 2 monocytes could have a survival benefit in the absence of Pyk2, leading to a longer t 1/2 in the BM. In support of that possibility, we found that the proportion of apoptotic and dead Ly6C 2 monocytes was decreased in Pyk2 2/2 BM compared with WT BM as measured by Annexin V and DAPI incorporation, respectively (Fig. 5A) . Furthermore, active caspase expression, another hallmark of apoptosis, was reduced in BM Ly6C 2 monocytes in the absence of Pyk2 (Fig. 5B ). This reduction in apoptosis and cell death observed in Pyk2-deficient Ly6C 2 BM monocytes was recapitulated in chimeric WT hosts receiving Pyk2 2/2 BM, indicating that loss of Pyk2 confers a survival advantage for Ly6C 2 monocytes in a cell-autonomous manner (Fig. 5C) . Notably, although M-CSF receptor (CD115) signaling is an established regulator of monocyte-lineage cell survival at homeostasis [47] [48] [49] , the survival advantage for BM Ly6C 2 monocytes deficient in Pyk2 did not correlate with changes in surface expression of CD115 (Fig. 5D ).
To further explore the role of Pyk2 in monocyte survival, BM cells from WT and Pyk2 2/2 mice were cultured in vitro for 4 h in the presence or absence of serum. Under these conditions, monocytes have been reported to undergo a rapid onset of apoptosis [23] . As was reported by Breslin et al. [50] , CD115 surface staining on monocytes was diminished when the cells were maintained ex vivo at temperatures above 4°C (Fig. 6A) . Consequently, monocytes cultured under these conditions were (Fig. 6B) . Under both serum-supplemented (complete media) and serum-free conditions, the percentage of dead Ly6C + and Ly6C 2 monocytes was reduced in the absence of Pyk2 (Fig. 6C) , whereas the absolute number of live cells was increased (Fig. 6D) . Together, these data suggest that Pyk2 controls the steady-state level of monocytes by promoting the turnover of monocyte subsets under homeostatic conditions.
DISCUSSION
The cellular factors that control the homeostatic maintenance of monocyte subsets remain poorly understood. In this study, we sought to characterize the expression of the tyrosine kinase Pyk2 and its function in the development and survival of lineagecommitted monocyte subpopulations at steady state. Our data indicate that Pyk2 protein expression increases as monocytes differentiate to a Ly6C 2 state and that Pyk2 controls the relative proportion of monocyte populations in the BM and periphery through a monocyte-intrinsic process. Furthermore, we present both in vivo and in vitro evidence showing that Pyk2 promotes apoptosis of Ly6C 2 monocytes, thereby contributing to the rapid turnover of monocyte populations at steady state.
Pyk2 expression is up-regulated in Ly6C 2 monocytes
Although Pyk2 expression has been characterized in several myeloid lineage cell types [38, 39, 51, 52] , the relative expression of this molecule across the continuum of monocyte differentiation had not been previously examined. Here, we report that, under homeostatic conditions, Pyk2 expression increases in Ly6C 2 monocytes. In support of our findings, Pyk2 mRNA transcript levels are reportedly elevated in Ly6C 2 monocytes isolated from BM and PB compared with Ly6C + monocytes from the same tissues [53] . This suggests that the increase in Pyk2 protein expression observed in these cells may arise from transcriptional up-regulation of the gene encoding Pyk2. Although the molecular factors that govern its expression have not been established, it is tempting to speculate that the transcription factor C/EBP-b may control Pyk2 expression in monocyte populations. Although C/EBP-b protein levels have not been specifically measured in monocyte subsets, this transcription factor has long been implicated in driving gene expression programs associated with Mf maturation [54, 55] . Additionally, C/EBP-b association with the Pyk2 promoter was shown to induce Pyk2 expression during monocyte differentiation to Mfs after PMA treatment of NB4 cells [56] . 
Pyk2-deficient mice exhibit reduced BM cellularity
Although Pyk2 2/2 mice were initially characterized as being mildly osteopetrotic [43] [44] [45] , BM hematopoiesis had not previously been fully characterized in these mice. In this report, we show that Pyk2-deficient mice exhibit a consistent reduction in their BM cellularity compared with WT controls. This may result from a defect in BM production, considering that rapid BrdUincorporation studies revealed a significant reduction in the percentage of proliferating monocytes and monocyte precursors present in Pyk2-deficient BM compared with WT mice (Fig. 4B) . Defects in BM production have been reported in other mouse models of osteopetrosis, including mice deficient for M-CSF (op/ op mice) and the M-CSF receptor [21, 22, 57] . The paucity of BM cells in both of these mice was attributed to physical limitations restricting hematopoiesis, resulting from a significantly smaller BM cavity. Our data suggest a similar phenomenon in Pyk2
mice because transfer of Pyk2-deficient BM into lethally irradiated WT mice resulted in reconstitution of BM cells to levels of WT control mice (Fig. 3C ).
Pyk2 promotes turnover of Ly6C 2 monocytes through the induction of apoptotic pathways
As described above, Pyk2 2/2 mice manifest reduced BM cellularity compared with WT controls (Fig. 2A) . This results in a reduction in the absolute numbers of cMoP and Ly6C + monocytes, but surprisingly, this did not also result in reduced numbers of Ly6C 2 monocytes (Fig. 2C) . In contrast to the BM, total immune cellularity is similar between WT and Pyk2 2/2 mice in the spleen (data not shown). In this organ, Ly6C 2 monocyte numbers were elevated in Pyk2 2/2 mice compared with WT controls (Fig. 2F) . Thus, Ly6C 2 monocytes consistently make up a greater proportion of the total monocytes present in both the BM and periphery of Pyk2 2/2 animals compared with WT mice ( Fig. 2D and E) . We go on to demonstrate that the overrepresentation of Ly6C 2 monocytes observed in Pyk2 2/2 mice also occurs with transfer of Pyk2 2/2 BM into an irradiated WT host (Fig. 3F ), indicating that this phenomenon is intrinsic to the monocytes. Furthermore, our data show that Ly6C 2 monocytes have a survival benefit in the absence of Pyk2 (Figs. 4-6 ), which likely accounts for the overrepresentation of these cells in the BM and periphery of Pyk2 2/2 animals.
Monocytes spontaneously undergo cell death in vitro when cultured in SF conditions, mediated, at least in part, by Fas death receptor signaling and caspase activation [26, [58] [59] [60] [61] [62] [63] . These findings have prompted the theory that apoptosis represents the default cellular program for monocytes, although the molecular signals contributing to this remain largely undefined. Here, we demonstrate that endogenous Pyk2 functions to promote the turnover of Ly6C 2 monocytes during homeostatic conditions (Fig. 5 ) and under conditions of experimentally induced cell death (Fig. 6 ). This could be mediated via the default apoptosis pathway because Pyk2-deficient Ly6C 2 monocytes in the BM exhibited reduced caspase activation compared with WT controls (Fig. 5B) . However, the Pyk2 2/2 Ly6C 2 monocytes that originated from cMoPs/Ly6C + cells in the BM were ultimately depleted from the BM and periphery, indicating that Pyk2-independent mechanisms are also in place to control the t 1/2 of these cells (Fig. 4E) . Notably, ectopic overexpression of Pyk2 has been shown to induce apoptosis in multiple cell lines that do not normally express this protein [30] [31] [32] [33] [34] ; however, before the current study, endogenous levels of Pyk2 had not been shown to trigger cell death in a steady state. Although the paucity of cMoP and Ly6C + monocytes observed in Pyk2 2/2 compared with WT mice (Fig. 2C ) might, at first, suggest a role for Pyk2 in the development or survival of these populations, transfer of Pyk2 2/2 BM into WT hosts resulted in normal numbers of cMoP and Ly6C + monocytes (Fig. 3E) . Thus, the accumulation of these subsets was not dependent on monocyte-intrinsic activities of Pyk2. This is consistent with the low level of Pyk2 expression in these subsets (Fig. 1C) . Rather, we conclude that the reduced numbers of cMoP and Ly6C + monocytes arise because of deficiencies in overall BM production in the Pyk2 2/2 mice ( Fig. 2A) . Our data also argue against a monocyte-intrinsic role for Pyk2 in regulating cMoP and Ly6C + monocyte survival during steady-state conditions in vivo because these cells exhibited similar levels of Annexin V and active caspase staining in the presence or absence of Pyk2 when present in a WT BM environment (Fig. 5C ). This is in contrast to Pyk2
Ly6C 2 monocytes, which displayed less cell death under these conditions. It is worth noting, however, that in vitro culture of BM did reveal increased viability of Ly6C + monocytes in the absence of Pyk2 ( Fig. 6C and D) . This may be due to the experimental system triggering exceptionally rapid cell death and, therefore, not reflecting a typical homeostatic environment in vivo. It would be interesting to determine whether Pyk2 controls apoptosis of Ly6C + monocytes in response to stress or under other physiologic conditions in which the t 1/2 of these cells is significantly altered.
Exogenous factors that promote the survival of monocytes have been shown to suppress the default apoptotic pathway [20] [21] [22] [23] . During homeostasis, this is chiefly mediated through M-CSF signaling [21, 22] . Marsh and colleagues [64] [65] [66] have shown that the PI3K/AKT pathway is activated in monocytes stimulated with recombinant M-CSF, leading to repression of caspase activity and prolonged survival in culture. Moreover, inhibition of the PI3K pathway was shown to induce apoptosis in cultured human PB monocytes [58] . Together, these findings underscore the importance of M-CSF-stimulated PI3K signaling in impeding the de facto apoptotic program and prolonging monocyte lifespan. Interestingly, M-CSF administration was reported to induce tyrosine phosphorylation of Pyk2 in the THP1 human monocytic cell line cultured in vitro [67] . This study also showed that the M-CSFR, as well as PI3K, coimmunoprecipitated with Pyk2 in response to M-CSF stimulation [67] . However, the authors did not go on to specifically test the implications of those events on monocyte survival; instead, they speculated that M-CSF-mediated activation of Pyk2 was potentially linked with regulation of downstream signaling pathways that affect cell morphology. It is possible that M-CSF-dependent Pyk2 phosphorylation and interactions with M-CSFR/PI3K do not affect cell survival or that the activation of Pyk2 in response to M-CSF is unique to the THP1 cell line. Alternatively, Pyk2 may have dual roles, functioning on the one hand to promote apoptosis under conditions that favor monocyte turnover and on the other to promote survival in the presence of high levels of M-CSF. Clearly, the mechanistic underpinnings and implications regarding the interaction between Pyk2, M-CSF survival signaling and the canonical apoptotic pathway warrant further exploration.
In addition to M-CSF, prolonged survival of monocytes in culture also occurs in response to proinflammatory signals. For example, exposure of human PB monocytes to a variety of soluble inflammatory factors in vitro (including LPS, TNF-a, IL-1b, GM-CSF, and IL-18) was shown to suppress caspase activation through the PI3K/AKT pathway [61, 62, 66] . It is not clear whether inflammatory cues also extend the t 1/2 of monocytes in vivo. Although our study implicates Pyk2 as a proapoptotic factor in monocytes at homeostasis, the role of Pyk2 in regulating monocyte survival during times of inflammation has not been addressed.
Given the rapid turnover of monocytes at homeostasis and the data presented above, we suggest that endogenous Pyk2 operates within the constitutive signaling program that drives apoptosis of these cells. However, in light of its increased expression and established role in adhesion signaling and migration of Mfs and other cell types [38, 39] , it is interesting to speculate that Pyk2 may have additional functions in Ly6C 2 monocytes. For example, Ly6C 2 monocytes characteristically "crawl" along the resting endothelium in a manner distinct from the typical leukocyte "rolling and adhesion" process [16, 17] . This directional motility, which is essential to Ly6C 2 monocyte "patrolling and scavenging" functions, is dependent on integrin signaling [16] . Because Pyk2 is highly expressed in these cells and functions in signaling pathways downstream of integrin engagement (reviewed in [27, 28] ), it is uniquely positioned as a potential regulator of integrin-mediated signaling and migration of Ly6C 2 monocytes on the endothelium. Clearly, future studies are necessary to further address the nature and regulation of the signals that control the onset of Pyk2 expression and its subsequent functions in monocytes, both at homeostasis and in response to inflammatory insults. was closely involved in experimental design, data analysis, and presentation. She also contributed to the writing and substantial revision of the manuscript.
